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Abstract 
Harvest and transportation systems are a major portion in the development of a fuel and 
chemical industry based on the collection of agricultural residues. Predictions for the use of 
these renewable biomasses expect yearly demand to exceed 450 million dry Mg by the year 
2020. However, to meet these goals new harvest and transportation systems are needed. An 
economic model was constructed to predict the influence on producer net profit for different 
harvest systems. The model shows that the best performing harvest system could harvest and 
transport corn stover for distances less than 35 km and still provide a net profit higher than 
harvesting corn grain alone. However, as shipping distance increases all the harvest systems 
in the model yield a net loss. Densification provides a potential means to reduce the shipping 
costs. The effect of applied load on density was measured using a Sintech test machine and 
the raw data points were used to determine the effect of the different treatments on the 
density and develop a model. Test treatments include the presence or absence of ear corn, 
high or low moisture level, and five cut lengths (12.7, 25.4, 50.8, 101.6, and 152.4 mm). The 
data was best fit to a power function and was analyzed to determine the statistical 
significance of the different model parameters. The analysis indicated that the moisture level, 
presence of ear corn and cut length all influence the model results. 
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General Introduction 
A new industry, known as a biorefinery, is developing focused on the conversion of crop 
residues to higher value products. The primary residue under consideration is corn stover, or 
the non grain portion, of the corn crop. New technology is enabling corn stover to be 
transformed into energy and chemicals that would typically be derived from fossil fuels. The 
political and environmental aspects of reducing the dependence on fossil fuels have brought 
many different groups ranging from agronomists to equipment manufacturers to chemical 
manufacturing companies together (Hettenhaus et al. , 2000) with the goal of implementing a 
feasible system. 
Corn stover is viewed as a residue of choice for this new biorefinery concept because it is 
effectively a co-product to the corn grain already in production. Many of the costs that a 
dedicated energy crop must shoulder are already attributed to the corn grain and help reduce 
the relative cost of corn stover compared to other potential feedstocks. Corn stover, 
produced as a co-product, is only charged the additional harvest and transportation costs. 
The feedstock cost of corn stover makes up about one-third of the conversion process cost 
and must be minimized to be economically competitive with the fossil fuel derived products 
(Sokhansanj and Turhollow, 2002). Corn stover harvest and transportation technologies used 
today have many limitations. Developing better harvest and transportation systems will help 
reduce the harvest and transportation costs. 
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Current harvest methods collect the low value corn stover as a secondary series of operations. 
The corn grain has a much higher value and receives producer priority in the narrow harvest 
window. This leaves stover in the field where weather conditions influence the availability 
and may prevent harvest of a year' s supply (Hettenhaus et al. , 2000). 
The criteria for an improved and successful harvest system include minimizing the harvest 
costs, minimizing the labor requirement, and maintain the current harvest capacity of the 
typical corn grain harvest. Maintaining a low cost and high efficiency harvest is difficult to 
obtain when approximately doubling the mass of the material harvested. However, for 
conversion of biomass to a higher value product to be economically feasible, all possible 
efforts to reduce harvest costs are necessary. 
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General Literature Review 
Based on the work of Sokhansanj and Wright (2002) it is estimated that by 2010 the demand 
for biomass will reach 156 million Mg (172 million dry ton). This number will continue to 
grow to 460.8 million dry Mg (508 million dry ton) by 2020, but this does not exceed the 
estimated 518.3 million dry Mg (571.3 million dry ton) available in the United States. 
Estimates for the quantity of com stover currently available as a feedstock are based on the 
com grain produced each year. Current estimates for the United States are about 200 million 
dry Mg (220 million dry ton) (Perlack and Turhollow, 2002). This quantity is influenced by 
environmental factors, management practices and harvest operations. 
Recent research reviews the cost of the common harvest systems utilized to collect com 
stover biomass with existing equipment. One of the most common harvest systems reviewed 
removes the stover in the form of bales after the combine removes the corn grain. These are 
either large round or large square bales and the estimated cost, delivered to the processing 
facility is $47.1 to $51.9 per dry Mg ($42.7 to $47.1 per dry ton) (Perlack and Turhollow, 
2002). Sokhansanj and Turhollow (2002) estimated the cost delivered to an intermediate 
storage facility at $21.60 and $23.60 per dry Mg ($19.70 and $21.40 per dry ton) for round 
and rectangular baling systems respectively. 
Shinners et al., (2003) evaluated the costs of using alternative harvest systems based around 
existing equipment. This was then compared to the $58 per dry Mg cost of the conventional 
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combine and subsequent baling system. Machine configurations were selected and analyzed 
to determine their feasibility as com stover harvest systems. These systems were both single 
pass and non-conventional multi-pass. The single pass machines based on combines 
produced stover at a cost of $34 to $41 per Mg. The multiple pass systems utilize a self 
propelled forage harvester after the conventional grain harvest. The two and three pass 
systems had costs ranging from $40.5 to $43 .9 per dry Mg respectively. 
Quick (2003) presented several new stover harvest concepts as modifications to existing 
combine harvesters. The first machine attached a hay stacker to a modified rotary combine. 
The other system used a forage blower to transfer stover from the back of the combine into 
transport vehicle pulled along side by a tractor. These systems are single pass harvesters and 
collect the grain and stover simultaneously. The final costs associated with using these 
single pass harvesters is $3.34 to $5.79 per dry Mg ($3.03 to $5.25 per dry ton) but do not 
include the cost of grain harvest or transportation. These costs were compared to 
conventional baling systems between and $10.86 per dry Mg ($9.85 per dry ton) for round 
baling and $28.79 per dry Mg ($26.12 per dry ton) for large square balers. The costs from 
this study are extremely low compared to other estimates, but this is due to the omission of 
transport costs. 
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Part 1: Corn Stover Biomass Densification 
Introduction 
Each year the United States produces over 254 million Mg (10 billion bushels) of com grain 
(Perlack and Turhollow 2002). Assuming a historically accepted corn grain to corn stover 
ratio of approximately 1:1 , (Buchele 1975; Perlack and Turhollow 2002; Sokhansanj and 
Turhollow 2002) this results in 200 million dry Mg (220 million tons) of com stover that 
could be harvested and transported to storage and processing facilities for conversion to 
higher value products. 
Transporting this large quantity of material is no small task. According to Perlack and 
Turhollow (2002), depending on the size of the processing facility, the average, one way haul 
distance could range from 35 to 98 km (22 to 61 mi). Research by Shinners et al. (2003b) 
indicates that the truck based shipping cost, from the field to an intermediate storage facility, 
ranges from $0.51 to $1.04 per Mg-km ($0.90 to $1.83 per dry ton-mi) depending on the type 
of harvest system. Assuming that the truck shipping cost per mile is relatively constant for 
longer distances, the total shipping distance, given by Perlack and Turhollow, this can range 
from nearly $18 to $102 per dry Mg ($20 to $112 per dry ton). These high cost estimates of 
stover transport show the importance of densification to maximize the transport efficiency. 
More dense loads will allow more stover to be transported per load and help reduce the 
transportation costs. 
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Literature Review 
Research to understand the effects of compressive forces on plant biomass have been 
conducted for many years. The hay and forage industry rely heavily on compression as a 
means of preservation in both hay and silage type operations. Tightly packed hay bales shed 
water and provide more dense loads for transport. Silage is compacted to remove air and 
promote anaerobic fermentation. 
Burmistrova (1963) studied the exponential relationship between compressive forces and the 
elastic properties of hay. The compression process was broken down into stages. First the 
plant parts are brought closer together, then the air layers are removed, and finally the plant 
components are flattened. The maximum rate of deformation occurs at the beginning of the 
process and gradually decreases as load increases (Burmistrova 1963). This research also 
indicated that moisture content is a significant factor in how hay crops compact. This 
moisture dependence is based on the concept that water in the plant does not resist the load 
and more readily yields compared to a lower moisture content sample (Burmistrova, 1963, 
Mohsenin, 1970). 
Kaminski (1989) suggested that bulk density is a power function of applied pressure 
according to the equation; 
BulkDensity = k*(Pressure t ..................................... (1) 
7 
The resulting bulk density is affected by type of material, moisture content and the length of 
time that the load is applied, known as dwell time. Kaminski (1989) also noted that the 
speed of the applied load inversely affects final bulk density. 
More recent research, by Savoie and Muck (2004 ), focused on the compaction of chopped 
forages in bunker type silos. Samples of chopped stover were compacted in successive 
layers. The silage density was then found to be a logarithmic function of the number of 
layers compacted and the initial density of the first layer. Pressure was varied from 20 to 80 
kPa (3 to 11.3 psi) to achieve relaxed dry matter densities ranging from 170 to 204 kg/m3 
(10.6 to 12.7 lb/ft3) after multiple layers of com silage. This com silage density would 
include the com grain. 
A non-compressive means to increase bulk density is to decrease particle size. Hammer 
mills can be used to reduce particle size and yield average particle sizes ranging from 0.412 
mm (0.016 in) for a 3.175 mm (0.13 in) screen to 0.193 mm (0.008 in) for a 0.794 mm (0.031 
in) screen size (Mani et al., 2002). Researchers have reported on the densities of this ground 
com stover showing ranging from 131to158 kg/m3 (8.2 to 9.9 lb/ft3) as screen size is 
decreased from 3.175 to 0.794 mm (0.13 to 0.031 in) (Mani et al. , 2002). Processing with a 
hammer mill does increase the bulk density, but has a large specific energy requirement (Yu 
et al. , 2003). 
Bulk density estimates for com stover biomass are limited. Shinners et al (2003b) estimated 
density for different com plant components that were chopped or billeted. For these 
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processes the whole plant density ranged between 160 and 100 kg DM/m3 (10 to 6.2 lb/ft3) 
respectively. The bulk density of the stover only portion was estimated at one half of the 
bulk density of the whole crop estimates. Bulk density estimates were also conducted for 
different machines and storage options as presented below in Table 1 (Shinners et al 2003b). 
Table I A[![!roximate bulk densit~ for various crO[!S ada[!ted from Shinners et al. 2003b 
Moisture Densit~ 
Content Wet Basis Dry Basis 
Product % WB Kg/m3 lb/ft3 Kg/m3 lb/ft3 
Whole Sugar Cane 65 200 12.5 70 4.4 
Bundled Whole Cane 65 400 25.0 140 8.7 
Billeted Sugar Cane 65 350 21.8 120 7.5 
Shredded Sugar Cane 65 290 18.1 100 6.2 
Billeted Sorghum 65 215 13.4 75 4.7 
Chopped Sorghum 65 310 19.4 110 6.9 
Chopped Sorghum 65 360 22.5 125 7.8 
Shredded Stacks of Com 24 60 3.7 45 2.8 
Round Baled Com Stover 24 135 8.4 105 6.6 
Square Bales Com Stover 24 190 11.9 145 9.1 
Chopped Com Stover 47 140 8.7 75 4.7 
Bagged and Chopped Com Stover 47 290 18.1 195 12.2 
High Moisture Ear Com In Field 32 625 39.0 425 26.5 
Dry Ear Com In Crib 13 450 28. l 390 24.3 
High Moisture Shelled Com in Field 28 640 40.0 460 28.7 
Dry Shelled Com 12 770 48.1 675 42.1 
High Moisture Cob 47 220 13.7 115 7.2 
Dry Com Cob 6 165 10.3 155 9.7 
Ground Com Cob 9 270 16.9 245 15.3 
Pelleting and briquetting, extreme compaction methods, are also being explored as a means 
to increase bulk density of biomass. Mani et al. (2004) compacted com stover, with 3 
applied pressures between 5 and 15 MPa to create briquettes. These briquettes had a density 
range of 650 to 950 kg/m3. The total energy required for briquetting is on the order of 12 to 
30 MJ/t. Moisture content and applied pressure were two significant factors that influence 
the final briquette density (Mani et al. , 2004). 
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Objectives 
Information on the bulk density of com stover biomass is limited. Increasing stover bulk 
density while maintaining low specific power for compression is critical in reducing the 
transport cost for biomass harvest. A relationship between compressive force and bulk 
density exists for different hay type crops. The goal of this work is to determine the 
relationship between compressive force and bulk density for com stover biomass to aid 
future work on developing cost effective biomass harvesting systems. Specific research 
objectives for this work include: 
• Verify the relationship between compressive force and the resulting bulk density. 
• Determine the density increase for including ear com in the stover sample to decrease 
transportation costs 
• Review the effects of cut length on compression and bulk density to determine the 
feasibility of reducing particle size before transport. 
• Evaluate the effect of moisture content on bulk density 
Materials and Methodology 
To understand the relationships of compressive force, presence of ears, stover moisture 
content, and length of cut to com stover biomass density, samples of com plants were hand 
harvested, and processed to different lengths of cut. The experimental treatments consisted 
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of two moisture contents, the presence or abscence of whole ear com and five different cut 
lengths. 
Plants were hand harvested, leaving 2 to 4 inches of the base of the stalk in field . The 
number of plants required for each treatment ranged from 13 to 3 5 plants depending on the 
treatment cut length. Testing was conducted at two different stages during the plant growing 
season. The first experiment was conducted during the high moisture content stage, 
commonly known as black layer, and the stover tested about 76% moisture content on a wet 
basis. For the wet harvest, plants were collected and processed each day to eliminate the 
effect of moisture loss during storage. The dry harvest was conducted at the end of the 
harvest season when stover moisture was approximately 20% 
After collection the com plants were processed to the correct length using a vertical band-
saw (DOALL model V-36), equipped with a 12 tooth per inch blade, or the plants for 0.5 
inch length of cut were processed with a one row forage harvester (Model, Gehl Brothers). 
As the plants were processed, the ears were removed from the plant and, depending on the 
desired treatment; they were either disposed of or recombined with the sample as it was 
processed. After processing sub-samples were collected from samples to determine the 
moisture content of the sample according to ASAE Standard S358.2 (2004). 
The processed material was then transferred into the test vessel using the intermediate rapid 
transfer funnel shown below in Figure 1. The funnel concept was selected because human 
interaction appeared to have a significant effect on the filling in test runs. Pouring directly 
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into the test vessel proved to induce some variability depending on the fill speed and fill 
height. The funnel concept was adapted from ASAE Standard S296.4 (2003) for cubes and 
crumbles, and provided a repeatable method for filling the PVC test vessel. After the 
material was transferred to the test vessel the material was then struck off at the top of the 
test vessel. Any pieces that were extending beyond the container more than half of their 
length were removed. The net mass was then measured, using a digital balance, and recorded 
Figure 1 Rapid transfer stover funnel and test vessel 
The loaded test vessel was then placed in the Sintech 50/D MTS test machine and aligned 
under the 14.5 inch diameter plunger. During the test the plunger, attached to a XXX kg 
(5,000 lb) load cell (model 1210AF-5k-B, Interface), moved with a crosshead speed of 102 
mm (4 in) per minute until reaching a maximum load of 1,916 Kg (4225 lb). Once the 
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sample had been compacted, the material was removed from the test vessel and discarded. 
During testing, the MTS machine recorded the time, displacement and load for subsequent 
analysis. 
Experimental Design 
The effect of length of cut, presence of ear com and moisture content on the relationship 
between applied pressure and bulk density were analyzed in this study. Tests were 
conducted with two moisture contents and five lengths of cut (13, 25, 50, 100, 150 mm) and 
the presence or absence of ear com. A minimum of 5 repetitions of combinations of these 
factors were tested at the two moisture contents and the resulting data was used to model the 
experimental relationship between pressure and bulk density. 
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Statistical Analysis 
A modified version of the power model developed by Kaminski (Equation 1) was fit to the 
experimental data. The modified Kaminski equation included an initial density parameter 
that was not in the original model. The modified model was as follows: 
B = D 0 + k *(Pt ······························································(2) 
where B represents the bulk density of corn stover compacted by the applied pressure load P. 
The term Do was added to Kaminski ' s model to provide an initial bulk density without an 
applied load. The parameter k influences the initial slope of the density curve and is related 
to length of cut and presence of ears. The final parameter, n, determines the curvature of the 
pressure density line and is controlled by cut length and moisture content. This non-linear 
model was fit to the data to estimate the values for the terms Do, k and n for each sample. 
The experimental values for Do, k and n were then used in a split plot block design to 
conduct an analysis of variance to determine the effect of moisture content, length of cut, and 
the presence of ears, on the model parameters Do, k and n. A stepwise reverse regression 
procedure was utilized to determine the significance of the different treatments and treatment 
interactions. A complete model for each parameter was constructed, including all interaction 
terms, and then reduced to eliminate terms for which no evidence of significant effect was 
found. 
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Results and Discussion 
The raw data resulted in pressure-density relationships as shown below in Figure 2. 
The initial average density for samples without ear corn present is about equal when 
comparing based on length of cut. This does not hold true for samples with ear corn present. 
This indicates that the presence of ear corn changes the initial density and suggests that the 
initial density is not appreciably affected by the length of cut when ear corn is not present. 
As load is applied the shorter lengths of cut increase density more quickly than longer 
lengths of cut. 
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Figure 2 Plot of density versus applied pressure for low moisture content samples at 2 different cut 
lengths (13, 150 mm), with and without the inclusion of ear corn 
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The effect of moisture content on the average initial raw test data is shown in 
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Figure 3. The difference between the moisture content levels is not due to the difference in 
the weight of water present in the sample as the data is presented on a dry basis. The 
difference is due to the plant moisture reducing resistance to internal friction and shear forces 
and allowing the plant fibers to realign more easily. This phenomenon has been previously 
reported by other researchers. 
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Figure 3 Plot of density versus applied pressure for high and low moisture content samples at 2 different 
cut lengths (13, 150 mm), without the inclusion of ear corn 
The results from fitting the data to the non linear model show general trends. The mean 
parameter estimates shown in Table 2 are based on the average of the 5 replications for each 
combination of treatments. The values of Do are lower when ears are not present, ranging 
from 1.2 to 2.5, than when ears are present, ranging from 2.7 to 5.8. This parameter 
fluctuates depending on length of cut, but a clear pattern is not obvious. This suggests the 
possibility of an interaction term for D0. The mean values for parameter k are largest for 
13mm (0.5 inch) length of cut, but fail to provide a clear relationship with any of the 
treatments. The value of k ranges from 0.7, with high moisture content and ear corn present, 
to 3.5, with low moisture content and ear corn present. Finally, the parameter n increases 
with larger moisture content. The value of n ranges from 0.26, for low moisture content 
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without ear corn present, to 0.53, for high moisture content with ear corn present. The 
parameter n is largest for the 4 inch length of cut, and smallest for the 0.5 inch cut length. 
Table 2 Summar~ of non- linear model results 
Treatments Non-Linear Model 
Mean Parameter Estimates 
Moisture Presence Length 
Content of Ears of Cut Do k n 
Low No 0.5 1.497082 2.630327 0.260822 
Low No 1 1.289662 1.857313 0.282813 
Low No 2 2.090254 1.087139 0.420121 
Low No 4 1.993933 0.96477 0.46534 
Low No 6 2.207827 1.243983 0.420339 
Low Yes 0.5 5.860798 3.535308 0.309197 
Low Yes 4.981716 3.439099 0.282727 
Low Yes 2 5.408298 2.543231 0.343553 
Low Yes 4 5.603671 2.091509 0.428037 
Low Yes 6 4.389823 2.190836 0.369015 
High No 0.5 2.017094 2.508347 0.315995 
High No 1 2.130464 2.103288 0.330956 
High No 2 2.526626 0.92495 0.441755 
High No 4 2.511214 0.91239 0.465881 
High No 6 1.854724 1.281494 0.39727 
High Yes 0.5 3.234697 1.578669 0.38041 
High Yes 3.180093 1.514256 0.387791 
High Yes 2 3.727938 0.837712 0.471019 
High Yes 4 3.639431 0.69608 0.53086 
High Yes 6 2.786166 0.98397 0.444892 
After estimation of the Kaminski parameters (Do, k, n) for each individual sample, the 
significance of ear corn, length of cut, moisture content and their interactions, on the 
estimated model parameters were tested using standard ANOVA tests. The ANOVA results 
showed that the parameters estimates were affected differently by the three main treatments 
(ear corn, moisture content and length of cut). 
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The initial density, Do was influenced by the presence of ear com, length of cut and moisture 
content (Table 3) All three main effects were significant at the 5% level. The interaction 
between ear com presence and length of cut, and interaction between moisture content level 
and the presence of ear corn, were also significant at the 5% level. The ear corn is a much 
denser particle than the chopped stover and adds more weight per unit volume to the sample, 
therefore as expected resulted in a significant increase in initial density. The shorter the 
length of cut the less void space would be present in a sample resulting in a higher initial 
bulk density. The effect of moisture content on initial density is not the additional weight of 
the water as the data is presented on a dry basis. This suggests that the higher moisture 
content particles have different properties related to bulk density. 
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Table 3 Results from statistical analysis for equation parameter Do 
Do 
Summary of Fit 
Rsquare 0.906438 
Rsquare Adj 0.901462 
Root Mean Square Error 7.376893 
Mean of Response 50.52699 
Observations 100 
Analysis of Variance 
Source DF Sum of Sguares Mean Sguare F Ratio Prot>F 
Model 5 49558.109 9911.62 182.1368 <.0001 
Error 94 5115.344 54.442 
C. Total 99 54673.452 
Parameter Estimates 
Term Estimate Standard Error t Ratio Prob.>abs[t] 
Intercept 68.75421 2.529964 27.18 <.0001 
Ears [N] -11.0958 1.47609 -7.52 <.0001 
Length -18.7576 0.738045 -25.42 <.0001 
MC Level [l] -0.03116 0.014242 -2.19 0.031 2 
Ears [N]*Length 0.03646 0.014242 2.56 0.0121 
MC Level[l]*Ears[N] 20.20756 1.47609 13.69 <.0001 
The parameter k influences the initial slope of the predicted bulk density curve. All three 
main effects (ear corn, moisture content and length of cut) were significant at the 5% level 
(Table 4). The interaction between moisture content level and length of cut, and interaction 
between moisture content level and the presence of ear corn, were also significant at the 5% 
level. The effects of the presence of ear corn and moisture are likely due to compressibility 
of these components of the mixture. The higher moisture content would allow the plant 
fibers to realign more easily. The presence of ear corn adds a component that does not 
readily compress and has the opposite effect on the value of k compared to higher moisture 
content. Length of cut is likely influencing the value of k by changing the amount of void 
space in the sample. 
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Table 4 Results from statistical analrsis for eguation l!arameter k 
k 
Summary of Fit 
Rsquare 0.704083 
Rsquare Adj 0.688342 
Root Mean Square Error 4.997444 
Mean of Response 14.10986 
Observations 100 
Analysis of Variance 
Source DF Sum of Sguares Mean Sguare F Ratio Prof> F 
Model 5 5585.6909 1117.14 44.7313 <0.0001 
Error 94 2347.5977 24.97 
C. Total 99 7933 .2886 
Parameter Estimates 
Term Estimate Standard Error t Ratio Prob.>abs[t] 
Intercept 32.065358 1.713795 18.71 <.0001 
MC Level -7.862713 0.999889 -7.86 <.0001 
Ears[N] -1.620903 0.500026 -3 .24 0.0016 
Length -0.091389 0.009648 -9.47 <.0001 
(MC_ Level-l .5)*(Length-68.58) 0.0520155 0.019296 2.7 0.0083 
Ears[N]*(MC Level-1 .5) 7.360112 1.000052 7.36 <.0001 
The interaction between moisture content level and length of cut influences parameter k, but 
the t-test results indicate a lower significance (5% level) compared to other factors 
influencing k which are all at the 1 % level. The exponential parameter n determines the 
curvature of the bulk density line. In this case, only the main effects moisture content and 
length of cut were significant at the 5% level (Table 5). The presence of ear corn and all 
interactions were not significant at the 5% level. The moisture level influence the resistance 
to shear forces, as discussed previously, and this would affect the curvature of the density 
line. The shorter lengths of cut would be more readily repositioned to achieve a higher 
density more quickly than longer lengths of cut. The realignment of the longer particles 
would happen more slowly and occur over a wider range of pressures. 
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Table 5 Results from statistical analysis for equation parameter n 
Summary of Fit 
Rsquare 
Rsquare Adj 
Root Mean Square Error 
Mean of Response 
Observations 
Analysis of Variance 
Source 
Model 
Error 
C. Total 
Parameter Estimates 
Term 
Intercept 
Length 
MC Level [l] 
DF 
2 
97 
99 
Estimate 
0.2463228 
0.0567394 
0.0008294 
n 
0.425434 
0.413587 
0.060755 
0.388313 
100 
Sum of Squares 
0.2651113 
0.35804409 
0.62315539 
Standard Error 
0.020828 
0.012151 
0.000117 
Mean Square F Ratio Prot>F 
0.132556 35.9115 
Prob > 
0.003691 F 
t Ratio 
11.83 
4.67 
7.07 
Prob.>abs[t] 
<.0001 
<.0001 
<.0001 
<.0001 
Selected examples of the predicted pressure bulk density relationship are given below in 
Figure 4. The solid lines, representing the model results, have initial densities comparable 
with the observed data points and seem to follow the data scatter for the lower pressures. 
The curvature of the model results is different from the observed data points. This suggests 
that the values for parameters Do and k are more accurate than the value of parameter n. The 
high moisture treatments had a reversal of order in the effect of the presence of ear com. The 
low moisture treatment with ears had a much higher bulk density than did the low moisture 
treatment without ears, but the high moisture treatment without ears has a higher bulk density 
than the high moisture treatment with ears. For the dry categories this is attributed to the 
lower initial weight without the presence of ear com, and low density increase is due to the 
increased internal friction of the plant fibers due to the low moisture content. 
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Figure 4 Example of model predicted bulk density curves (solid lines) and raw data points for selected 
treatments (data points) 
Without the moisture the plant pieces are more resistant to shear, according the studies 
presented in the literature review, and this makes it much harder to compress the plant 
material. The explanation for the wet category is that the moist stover compresses more 
easily and the addition of the ear com adds an element that does not readily compress to the 
sample. Effectively the addition of ear com adds a non-compressive component to a readily 
compressive matrix. 
Initial compression forces do the majority of the densification as shown below in Figure 5. 
Using the average density for 69 kPa (10 psi) and the average density for 345 kPa (50 psi) 
across all lengths of cut approximately 70% of the total average densification is completed 
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Figure 5 Plot of predicted density versus applied pressure for all treatments, based on the mean 
estimated parameters (Do, k, n) 
with the initial 69 kPa (10 psi). This supports the conclusions that large compressive forces 
do not result in significant density gains. 
The model predicted bulk density values, shown in Figure 5, demonstrates that as cut length 
decreases below 51 mm (2 inch), for given treatments of moisture content and ear com 
presence, the bulk density lines appear to converge. This shows that there is a limited change 
in density between the different cut lengths for a given applied pressure and indicates that 
processing the stover to lengths shorter than about 51 mm (2 inch) does not significantly 
benefit the densification process. 
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This study is reported as a dry basis bulk density, however for transportation considerations 
density is required on a wet basis density to account for the weight due to water that must be 
transported. For many of the compressed samples the wet basis density reaches the 176 
kg/m3 (11 lb/ft3) needed to weight limit the largest legal semi truck transport systems. For 
this reason it is not necessary, nor feasible, to increase density beyond that level for large 
trucks. The cost of densification is great, and over densification of the material only 
increases stover cost. 
Conclusions 
There are many factors that influence the relationship between bulk density and pressure. 
This study shows the key factors that influence the bulk density and helps provide direction 
to future research. Specific conclusions resulting from this research: 
• Initial compressive forces result in the highest percentage of densification due to the 
reorientation of stalks to fill void spaces. 
• High moisture content stover compresses more easily due to the decreased internal 
friction and limited shear resistance provided by the plant moisture. 
• Decreasing the length of cut beyond the 2 inch cut length results in very small 
increase in bulk density for a given pressure. This limited change suggests that 
processing the stover to further decreasing the particle size does not result in a large 
enough increase in bulk density to justify the processing cost. 
25 
• Density levels can be increased, by a combination of particle size reduction and 
compaction, to a level where there is not economic benefit obtain. Once the com 
stover density reaches about 176 kg/m3 (1 1 lb/ft3), depending on the trailer size and 
configuration, the maximum weight limit of semi-truck is exceeded. The cost of 
increasing density beyond this level is not offset by reducing shipping costs. 
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Part 2: Economic Analysis of Corn Stover Harvest and Shipping 
Introduction 
Each year the United States produces over 254 million Mg (10 billion bushels) of com grain, 
of which Iowa produces nearly 17%, each year (USDA 2005). Assuming a historically 
accepted com grain to com stover ratio of approximately 1: 1, (Buchele, 1975; Perlack and 
Turhollow, 2002; Sokhansanj and Turhollow, 2002) this results in over 34 million Mg (38 
million dry tons) of com stover in the state of Iowa. The high concentration of com stover is 
not the only benefit of selecting com stover as a primary biomass feedstock. Stover has the 
financial advantage of being a co-product of the large quantities of com grain already in 
production and this greatly reduces the production costs (Shinners and Binversie, 2004). The 
primary production costs that can be attributed to the stover production are the additional 
harvest efforts required, the transportation of biomass to the processing facility, material 
storage and additional fertilizer required to replace nutrients lost with the removal of the com 
stover. Other production costs such as land, base fertilizer, chemicals and pre-harvest 
production costs can be attributed to the com grain co-produced. This is not true for other 
dedicated energy crops where the biomass bears the entire production cost. 
In many cases, future grain quality and yields are reduced by plant diseases that are able to 
survive in the residue (Hettenhaus et al. , 2000). Stover covers the soil in the spring of the 
year and prevents the soil temperatures from increasing enough to plant the next crop. 
During liquid chemical application, a percentage of the application is sprayed onto the stover, 
27 
where it is ineffective, leading farmers to apply higher chemical rates. Residue problems like 
these discourage the use of minimum-till and no-till farming practices in the Com Belt 
(Hettenhaus et al ., 2000). Farmers are encouraged to remove the residue to reduce the effect 
of these problems. 
However, removing com stover from fields may result in long term problems with soil 
fertility. Many scientists argue that removing the com residue on a regular basis will reduce 
the soil organic carbon and decrease future productivity (Hooker et al. 2005). The com 
stover also protects the soil from erosion and helps the conserve soil moisture (Hettenhaus et 
al. , 2000). Com residue offers long term production benefits when left on the field. 
Baling, the current primary stover harvest technology, has many limitations related to needs 
of the producer and the processor of the stover. This traditional com stover harvest system 
typically involves conventional grain harvest and two, or up to five, additional operations to 
collect and remove the com stover (Sokhansanj and Turhollow, 2002). 
Baling, causes several different problems for fanners such as labor and extra passes across 
the field. Maximum stover yield is not achieved by baling directly behind the combine. 
Shredding and raking, two additional field operations can be utilized to gather a larger 
portion of the crop into a windrow for baling. After the baling operation, the bales have to be 
collected and transported to a storage location. In this case, for both round and square bales, 
up to 5 operations; grain harvest, shredding, raking, baling, bale collection and bale 
transportation, must be made. These additional passes add cost and result in lower value 
stover due to soil contamination (Quick, 2003). Numerous cost estimates of this type of 
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system have been published and range from $23 to $45 per dry Mg ($20 to $41 per dry ton) 
(Sokhansanj et al. , 2002). 
In addition to the extra harvest effort and costs, baling can pose problems associated with 
drying and weather. For normal harvest conditions the stover must dry in the field for at least 
several days, up to several weeks, depending on the weather, to reach a safe moisture content 
where it will not spoil if stored as a bale (Shinners and Binversie, 2004). Baled stover does 
not store with out spoilage above 20 percent (Hettenhaus et al., 2000). 
Processors tend to dislike the baled com stover for many different reasons. They typically 
cannot tolerate soil contamination, and balers pick up large quantities of soil during operation 
(Quick, 2003). Storage is also a major safety issue for the processor. Large quantities of 
stored, relatively dry biomass, pose a severe fire threat (Hettenhaus et al. , 2000). If the 
stover is not dry enough when baled, then the spoilage during storage would be substantial. 
In an extreme case this could even lead to spontaneous combustion, although no cases have 
been documented (Hettenhaus et al. , 2000). The alternative would be to process the high 
moisture bales immediately or break them apart and ensile the material. The twine or net 
wrap, used to secure the bale together, has to be removed before processing adding another 
step to preprocessing stage (Hettenhaus et al. , 2000). 
Another traditional means to harvest large quantity of crop residue is the forage harvester. 
Turhollow et al. (1996) reviewed the costs associated with whole crop silage harvest and 
found that, depending on the harvest and transportation system utilized, the in field cost of 
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silage harvesting systems ranges between $3 per dry ton and $11 per dry ton. According to 
the study, a shipping cost of approximately $8 per dry ton, dependent on shipping distance, 
would be added to the field harvest cost. However, this study did not specify a shipping 
distance for the given cost. 
Forage harvesters are designed to chop the whole crop into small pieces, prior to grain 
harvest, and this leads to high levels of grain damage and loss. The shorter the length of cut 
of the stover, the closer the specific gravity of the different components become, and the 
more difficult it becomes to separate the grain from the mixture. Savoie et al. (2003) 
determined that using hydrodynamic separation techniques was not an effective method to 
separate grain from stover. The result of harvesting the whole crop with a forage harvester is 
the costly and unacceptable loss of a portion of the grain. More recently Shinners et al. 
(2003b) has reviewed the costs of utilizing forage harvest equipment, after the com grain 
harvest, to collect the remaining biomass. This system, requiring additional passes, had an in 
field harvest cost of over $11 per dry Mg ($10 per dry ton). The additional transportation 
costs were estimated to be about $7.40 per Mg ($7 per dry ton) for 8 km (5 mi) of shipping to 
a storage site. This cost would fluctuate with shipping distance. 
Harvesting com stover is only the first of challenge of the collection process. The handling 
and transport of stover is expensive due to its low bulk density (Hettenhaus et al. , 2000). 
According to Shinners et al. (2003b) transportation costs from the field to an intermediate 
storage site would range from about $7 to $1 4 per dry Mg ($6 to $1 3 per dry ton) depending 
on harvest and shipping methods. Shipping costs from the intermediate storage facility to the 
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processing facility, approximately 40 km (25 mi), were dependent on harvest system and on 
the type of transport used. Including unloading, storage and loading costs of $18 per dry Mg 
($16 per dry ton), the use of high capacity gondola rail cars resulted in a cost of almost $20 
per dry Mg ($18 per dry ton) compared to trucking costs of $26 per dry Mg ($24 per dry ton). 
However, rail shipping restricts the location of the intermediate storage sites to locations with 
rail access. 
Another stover transportation concept to move material from intermediate storage to a 
processing facility involves a pipeline system. According to research conducted at Purdue 
University (Ileleji, 2005), pipeline systems have previously been used to move solids, such a 
coal, in slurry form. Economies of scale make the system more feasible for larger processing 
plants and longer distances. This pipeline system costs, for moving a 25% suspended solid 
slurry 402 km (250 mi), range from $41.89 per dry Mg ($38 per dry ton) for 1.8 million dry 
Mg (2 million dry ton) per year to approximately $97 per dry Mg ($88 per dry ton) for 227 
dry Mg (250 thousand dry ton) per year capacity. 
Another producer concern with the fall harvest collection of corn stover biomass is the 
element of timeliness. The fall corn grain harvest season is highly labor intensive and the 
weather creates an element of urgency for farmers (Hettenhaus et al. , 2000). Extending the 
grain harvest season, to allow for stover harvest, creates the potential for a substantial 
monetary loss on the producer level. Delaying the stover harvest, until grain harvest has 
been completed, could allow weather to hinder stover harvest and result in an inconsistent 
biomass supply for the processor (Hettenhaus et al., 2000). 
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According to Hettenhaus et al. (2000), one component of utilizing com stover as a biomass 
feedstock is the ability to consistently harvest the desired supply of material in the given 
harvest window. Current harvest systems leave com stover vulnerable to fluctuating weather 
conditions and could result in a lower quality biomass. New harvest concepts need to be 
explored to help reduce the cost and over come the limitation of current biomass harvest 
systems. 
Objectives: 
The development of a biomass economy based on com stover is highly dependent on the 
harvest and transportation costs, which form a substantial percentage of total production 
costs. Therefore the additional costs associated with com stover harvest systems need to be 
reviewed to determine the economic feasibility of biomass harvesting. The research 
objectives of this study: 
• Determine the economic feasibility of single-pass harvest systems, and compare 
these systems to the traditional com grain harvest methods. 
• Compare the financial feasibility of single-pass com stover harvest systems to 
baling, the more traditional stover harvest method. 
• Compare different producer harvest and transportation options on the basis of 
producer net profit. 
• Verify the effect of shipping distance on producer net profit. 
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Single Pass Equipment and Harvest Systems: 
The equipment utilized in this economic analysis of com stover biomass harvest is based 
primarily on prototype harvest machines developed in the past two harvest seasons and the 
necessary support systems that these machines would require for full scale harvest. Several 
of the systems in the model are attachments to the standard grain combines and would allow 
the combine to be utilized for other crop harvest needs. One of the prototypes is a step away 
from current com harvest technology and makes use of a stationary processing type system 
similar to the seed com industry. 
The baseline for the model is a conventional corn grain harvest system utilizing a Class 7 
combine equipped with a conventional 8 row com head. This combine is supported by 
tractors and grain carts as needed and the appropriate number of semi trucks with grain 
hopper trailers. This system does not collect any residue, but provides a baseline net profit 
that farmers receive with current harvest methods. From the baseline the additional harvest 
and transport costs can be calculated and attributed to the stover harvest to give the true cost 
of stover harvest. 
The first prototype system in the model, also based on a class 7 combine, utilizes a whole 
crop harvesting head, a low power rotary stover processing unit, and a blower to provide a 
continuous transfer of the stover to a transport vehicle. This machine, similar to the 
prototype in Figure 6 below, produces 2 separate streams, grain and processed com stover. 
This stover sample would consist of the whole plant except for grain and the base of the stalk. 
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Figure 6 Prototype biomass harvester developed in conjunction with Agriland FS, Harlan IA 
The support equipment for this grain and stover harvesting scenario would include several 
different options. Common to the five modeled harvest systems that utilize a combine, this 
scenario utilized tractors and grain carts and semi trucks with grain hopper trailers as needed 
to transport grain from the field. 
Two separate biomass transport methods were modeled in this analysis for each of the stover 
harvesting machines. The first method utilized tractors that would collect the stover from the 
harvester in the field and then travel on the road to deliver the stover to the processor. The 
tractors would be towing large wagons that, when operating in the field, would be over legal 
height. For road transport tops of these wagons would then be lowered, compressing the 
stover, to legal road height. For the purpose of analysis the wagon loads were calculated 
with the extended volume. The second biomass transport method utilized boll buggies, 
existing high volume side-dump wagons from the cotton industry, operating behind tractors 
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in the field. The boll buggies would transport stover from the harvester to the field edge 
where the material would then be transferred to high volume semi trucks with live bottom 
floor trailers for road transport. 
The second prototype harvester incorporates a whole crop head, low power rotary stover 
processor and an on board stover storage system. The advantages of this system are the 
improved field efficiency and reduced compaction due to the elimination of a transport 
vehicle along side at all times. The concept is similar to Figure 7 below, except that the 
storage compartment would be much large and have the capability to transfer stover on the 
go. The technology to transfer chopped stover from storage on the go has been developed in 
the forage harvesting industry. This system was modeled with both tractors with wagons and 
semi trucks with live floor trailers for stover tran port. 
Figure 7 Prototype stover processing and storage system on a combine 
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The third single pass prototype harvester modeled utilized a different harvest concept. 
Instead of producing two independent streams of corn grain and corn stover, this system 
produces a single stream of processed stover mixed with whole ear corn. The machine is 
based on a standard four row corn header equipped with a rotary chopper. The ear corn is 
stripped from the stalk, in the same way that a regular corn header functions, and is then 
carried by an auger to the left end of the header. The rotary cutter, located under each row 
unit, is similar to a pair of lawnmower blades. This blade cuts the plant into segments that 
typically range from 3 to 14 inches long, which are thrown towards a collection auger. The 
auger moves the stover portion to a rotary slicer, like those commonly found on balers. After 
the stover particle size is reduced by the slicer it is recombined with the ear corn on a 
horizontal belt conveyor and carried to a vertical paddle conveyor for transfer to the transport 
vehicle. 
A picture of the prototype harvester, mounted on a New Holland Bidirectional tractor is 
included below in Figure 8. The advantage of this system is that it eliminates the need for 
the combine and greatly reduces the harvest costs by reducing the value of equipment 
required in the field. For the model, this prototype system was also modeled with two stover 
transport options; tractor with compacting wagons and semi trucks with live floor trailers. 
However, the system requires additional stationary separation and threshing when the stover 
is delivered to the industrial processor. 
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Figure 8 Prototype continuous transfer system mounted on a tractor. 
The stationary separation system concept has been tested in small grains by McLeod Harvest 
Inc. The stationary separation system was utilized in that harvest system to separate a 
mixture of grain and chaff, known as graff, and did not thresh the grain. The McLeod 
Harvester literature included a study conducted by University of Manitoba Department of 
Agricultural Economics, that yielded a cost estimate of $.04 (USD) per bushel for the 
stationary separation system (McLeod, 1999). Due to the larger volume of material and the 
need to thresh the corn grain, this cost was tripled to $.12 for this analysis of corn stover 
harvest systems 
Many of these systems utilize the same base machine and harvest concept, but, as indicated, 
the shipping methods were modified to help predict the most cost effective system. The 
prototype equipment shown above is in the development stage and was constructed to 
provide insight into different harvest concepts, help verify predicted performance and 
generate baseline performance information for future equipment development and 
improvement. 
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Economic Model Assumptions and Description 
Some economic analyses of corn stover harvest systems look at delivered cost of providing 
corn stover biomass to a storage or processing facility (Perlack and Turhollow, 2002; 
Sokhansanj and Turhollow, 2002; Shinners et al. , 2003b ). Other analyses look at farm gate 
type costs and do not attempt to cover the shipping costs (Turhollow et al., 1996; Quick, 
2003). However, it is also important to view the complete harvest process from the 
standpoint of the producer. The additional expense and revenue will affect the farmer ' s 
profitability and this will influence producer participation in biomass production. While 
participation in stover harvest may result in extra revenue, stover harvest may not yield a 
higher net profit than harvesting only the corn grain. 
This economic model of single pass corn grain and corn stover harvest systems is based on a 
2000 acre farm producing 1000 acres of corn and 1000 acres of other crops spreading 
machinery cost out on the basis of hours of use. Below, Table 6 gives the basic assumptions 
as utilized in the model. The costs in this model were selected based on current prices 
collected in January 2005, ASAE Standards EP496.2 and D497.4 (2003) and National 
Agricultural Statistics Service (NASS) data (USDA, 2004; USDA, 2005). 
The economic and machine performance calculations were based ASAE S358.2, ASAE 
EP496.2, and ASAE D497.4 standards and the time analysis work of Hunt (1995). The 
values for corn stover density were largely based on the research conducted by Iowa State 
University and in conjunction with industry collaborators. 
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The base line value of corn stover was selected as $35 per dry ton. The original wet basis 
stover density of 5.83 lb/ft3, or 3.5 lb/ft3 on a dry basis, is based on data collected during the 
2004 harvest season by Agriland FS, near Harlan, Iowa, in collaboration with Iowa State 
University. The combined stover and ear corn shipping density of 8 lb/ft3 is based on current 
research conducted at Iowa State University. A multitude of other crop parameters, ranging 
from yield to shipping distance for the different harvest systems are required for the model as 
shown in Table 6. The values of these factors are based on research conducted at Iowa State 
University and in collaboration with research partners. When looking at the corn stover crop 
parameters, such as bulk load density and moisture content, a wide range of values 
influenced by the load depth, cultivar, weather and maturity are common. The values below 
in Table 6 are representative of typical harvest conditions. 
Table 6 Basic Model Assumptions 
Model Parameters 
Hourly Labor Rate ($/hr) 
Interest Rate (%/yr) 
Offroad Fuel Cost ($/1) 
Road Fuel Cost ($/1) 
Lubrication Cost (% of Fuel Cost) 
Housing, Tax. Ins.(% of purchase) 
Semi Truck Cost of Tags and Permits ($/yr) 
Crop Parameters 
Grain Yield (Mg/ha) 
Grain Moisture (% wb) 
Grain Test Weight (lb/bu) 
Semi Truck Grain Shipping Distance (km) 
Grain Value ($/Mg) # 
Stover Yield (dry Mg/ha) 
Stover Moisture (% wb) 
Stover Bulk Density (kg/m3 wet) 
Semi Truck Stover Shipping Distance (km) 
Tractor Stover Shipping Distance (km) 
Stover Value ($/dry Mg) 
Combined Yield (dry Mg/ha)* 
Combined Stover Moisture Content (% wb) 
Combined Bulk Density (kg/m3 wet) 
Semi Truck Combined Shipping Distance (km) 
Tractor Combined Shipping Distance (km) 
# includes $10.08/Mg LDP + Direct Payment 
*same yields as stover above 
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Value 
10.00 
6.00 
0.32 
0.50 
15.00 
2.00 
1000.00 
Value 
10.52 
18 
56 
11.3 
99.21 
6.27 
35 
74.8 
11.3 
11.3 
38.58 
20.2 
35 
102.5 
11.3 
11.3 
Timeliness cost is a factor that is often not included in many models. Slowing and delaying 
com harvest opens the window for losses due weather damage. There is a significant cost 
related to a harvest delay. For this model ASAE Standard EP496.2 was used to calculate 
timeliness cost of com grain harvest. 
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The total grain income, including the calculated expected federal subsidies of direct 
payments and counter cyclic payments, for the 3 year average Iowa yield, were based on 
NASS market year price averages for 2002, 2003 and on partial price data for the 2004 
market year. Table 7 shows the average values for 3 years which are the values used in the 
model to calculate the federal subsidies. It should be noted that these are market year 
averages and different prices could be achieved depending on market strategy. 
Table 7 Iowa Corn Yield and Price Information 
Year Yield * Ave Price 
(Mg/ha) ($/Mg) 
2002 10.4 87.39t 
2003 9.9 94.48t 
2004 11.4 81.88# 
Model 10.5 89.10tt 
* Yield values based on NASS Annual Crop Summary for 2004 
t Price taken from NASS Agricultural Price Summary 2003 
# 2004 price from partial NASS price data based Sept through Feb (3/28/05) 
tt Model values are based on 3 year average of given data 
Federal subsidies are paid as direct payments and counter cyclic payments based on the 
values and farm assumptions for com given in Table 8. The federal subsidies were 
calculated according to documentation from the Farm Service Agency' s website (USDA, 
2003), shown in Table 9, and added to the average price to determine the final value of the 
com gram. 
Table 8 Corn Yield and Price Information 
Federal Subsidy 
Assumptions for Corn 
Com Direct Payment ($/Mg) 
2002-3Target Price ($/Mg) 
2004-7 Target Price ($/Mg) 
2004 National Loan Rate ($/Mg) 
Payout Level (dee%) 
Farm Assumptions 
Proven Yield (Mg/ha) 
3 Year Ave Yield (Mg/ha) 
Base Acres (ha) 
Actual Acres (ha) 
Table 9 Federal Subsidy Calculations 
Direct Direct 
Pay Pay 
Year ($) ($/Mg) 
2002 35700 8.38 
2003 35700 8.38 
2004 35700 8.38 
Model 35700 8.38 
* Denotes Counter Cyclic Payments 
11.02 
102.36 
103 .54 
76.77 
0.85 
9.41 
10.52 
2471 
2471 
Effective 
Price 
($/Mg) 
98.42 
105.51 
92.91 
100.13 
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CC* Pay CC* CC* Total 
Rate Pay Pay Payment 
($/Mg) ($) ($/Mg) ($/Mg) 
3.94 12750 2.99 11.38 
0.00 0 0.00 8.38 
9.45 30600 7. 18 15.57 
2.23 7225 1.70 10.08 
To calculate the producer's net profit it was necessary to determine a pre-harvest production 
cost. These costs include the land, seed, chemical and pre-harvest equipment costs. Values 
for these variable expenses were taken from Iowa Extension Service publications FM 1851 
(2004) and FM 1712 (2005). These pre-harvest production costs were considered to be the 
same for each scenario except that additional fertilizer costs were included for scenarios 
where com stover was removed to replace the nutrients lost with the stover. The pre-harvest 
production costs are shown in Table 10. 
Table 10 Preharvest production costs 
Land Cost ($/ha) Cash Rent Value 
Seed Cost ($/ha) 
Chemical Costs ($/ha) 
Preharvest Machine Costs ($/ha) 
Preharvest (Grain) Fertilizer Costs ($/ha) 
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Preharvest (Stover) Additional Fertilizer Costs ($/Mg stover) 
Total Preharvest Production Costs ($/ha) Grain Production 
Total Preharvest production costs ($/ha) Stover Production 
385.48 
99.33 
123.55 
82.26 
224.61 
3.03 
915.23 
932.22 
The equipment selected for use in the model is primarily based on common existing 
equipment but some of the machines are based on prototype or conceptual equipment, as 
previously discussed. Best estimates of cost and performance were used to create the model. 
The necessary performance parameters used for the equipment in the model are included in 
Appendix A. Table 11 below gives a description of the equipment utilized in each segment 
of the model. 
Table 11 Harvest system equipment description 
Graph System Identification Harvester 
Grain Harvest Only Combine 
CT on Combine, Tractor Continuous Transfer on Combine 
CT on Combine, Semi Continuous Transfer on Combine 
SS on Combine, Tractor Stover Storage on Combine 
SS on Combine, Semi Stover Storage on Combine 
CT on Tractor, Tractor Continuous Transfer on Tractor 
CT on Tractor, Semi Continuous Transfer on Tractor 
SS on Tractor, Tractor Stover Storage on Tractor 
SS on Tractor, Semi Stover Storage on Tractor 
Transport 
Grain Semi Truck 
Tractor and Wagon 
Stover Semi-Truck 
Tractor and Wagon 
Stover Semi-Truck 
Tractor and Wagon 
Stover Semi-Truck 
Tractor and Wagon 
Stover Semi-Truck 
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Results and Discussion 
The economic model provides some direction regarding the potential increase in net profit 
that a farmer could expect from harvesting biomass. For comparison purposes the base case 
is the typical corn grain harvest. The model indicates that the total harvest expense for corn 
grain harvest is nearly $82 per ha ($33 per acre) with a net profit of over $44 per ha ($18 per 
acre) for a shipping distance of 11.3km (7 miles). As shipping distance increases to 48 km 
(30 mi) the net profit is reduced to nearly $15 per ha ($6 per acre). For the 7 mile shipping 
distance, approximately 1/3 of the total harvest costs were operating costs and 2/3 of the total 
costs were ownership costs. 
The harvest systems that included stover collection were all more profitable than harvesting 
only grain for shipping distances less than 11 km (7 mi). The two most profitable systems, in 
the short distance scenario of 11 km (7 mi), is the combine equipped with stover storage 
utilizing semi trucks to transport and the tractor mounted harvester equipped with stover 
storage utilizing semi trucks for stover transport. The net profit for these systems is $101 per 
ha ($41 per acre) with a shipping cost of $116 per ha ($4 7 per acre) and nearly $90 per ha 
($40 per acre) respectively. Combine based stover harvest systems resulted in a net profit 
ranging from $59 to $79 per ha ($24 to $32 per acre). The other tractor mounted harvest 
systems have a net profit that ranges from $3 7 to $72 per ha ($15 to $29 per acre). The 
tractor and wagon transport systems resulted in lower profits and had shipping costs ranging 
from $138 to$165 per ha ($56 to $67 per acre) compared to $101 to$133 per ha ($41 to $54 
per acre) for semi truck transport. 
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As shipping distances approached 40 km (25 mi), all stover harvesters were less profitable 
than harvesting grain alone (Figure 9). When the stover and grain shipping distances reach 
48 km (30 mi), all stover harvest systems result in a net loss, but the grain harvest system still 
allows a $15 per ha ($6 per acre) net profit. The harvest system with stover storage mounted 
on a tractor and utilizing semi trucks to transport stover harvest system had the lowest net 
loss of $7 per ha ($3 per acre). At this distance the harvest systems using semi trucks for 
stover transport had lower net losses, ranging from $35 to $57 per ha ($14 to $23 per acre). 
The harvest systems utilizing tractors and wagons for stover transport had larger net losses 
ranging from $103 to $203 per ha ($42 to $82 per acre). 
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Figure 9 Baseline net profits for stover harvest systems with increasing shipping distance compared to a 
grain harvest only (solid line) 
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The operating and ownership costs for each of the combine mounted biomass harvest 
systems is about one third and two thirds of the total harvest cost respectively. The tractor 
mounted harvesters produce a combined stream of com stover and ear com. The total 
harvest cost for this system is distributed as one quarter operating costs, about one half 
ownership costs and separation costs are about one quarter. 
Hauling bulk stover short distances with tractors and high capacity wagons is comparable to 
shipping stover by semi truck and trailer. However, as shipping distance increases, the slow 
road speed of the tractors requires more of the higher priced tractors and increases the overall 
shipping costs. The semi trucks are not designed for field travel so the use of tractors and 
boll buggies to move the biomass from the harvester to the semi truck initially increases the 
semi truck transport cost. However, compared to tractor and wagon systems, the additional 
cost of the tractor and boll buggies is offset by the lower number of transport trucks required 
to service the harvester as distance increases. 
The cost of com stover in $ per dry Mg ($ per dry ton), for each of the different systems can 
be calculated by subtracting the total cost of com grain harvest from the total cost of the 
single pass harvest systems and dividing this by the expected com stover yield. For the 
single stream harvest systems the separation costs are left as part of stover harvest system. 
The com stover biomass cost for the base case is presented below in Figure 10. 
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Sensitivity Analysis 
The model results are controlled by the relations of many different independent variables and 
several interdependent variables. In effort to gain a better understanding of the impact that 
these variable have on the economics of com stover biomass harvesting a sensitivity analysis 
was conducted. The model parameters were increased and decreased as shown to illustrate 
their effect on the expected net profit over a range of distances (Table 12). For reporting 
purposes two distances will be reviewed, the short range distance of 11 km (7 mi) and the 
long range distance of 48 km (30 mi). The resulting net profit or loss from these changes is 
given in Table 13. 
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Table 12 Modified Sensitivity Analysis Variables 
Variable Decreased Base Increased 
Stover Density (wet kg/m3) 74.8 93.4 112.1 
Combined Density (wet kg/m3) 102.5 128.1 153.8 
Constant Grain Distance (km) 8 variable 48 
Field Efficiency (dee%) min of0.60 variable max of 1.00 
Moisture Content(%) 25 35 55 
Stover Value ($/dry Mg) 30.9 38.6 46.3 
Yield (Mg/ha, Mg/ha) 8.4, 4.95 10.5, 6.27 12.6, 7.62 
The stover bulk density was increased and decreased 20% from the base value to evaluate the 
effect of bulk density on net profit of the harvest systems. However, the additional 
densification costs required to obtain the higher densities were not accounted for in the model. 
Increasing the bulk stover shipping density increased the net profits for the different harvest 
systems. The systems with tractors and wagons for transport had a larger increase in net 
return compared to the semi truck transport system. The tractor drawn wagons have a larger 
volumetric capacity and the higher density allowed them to haul larger loads compared to the 
semi trucks. Until the trucks reach a full weight limit load, a gross vehicle weight of 36.3 
Mg (80,000 lb), increasing bulk product density decreases the number of loads required to 
move a given amount of stover. The bulk density of com stover had to be increased by about 
75% for the dual stream harvest system and nearly 30% for combined stream system to allow 
a full legal weight limit load to be placed on the semi trucks. The tractors and wagons had an 
advantage, given the current regulation, that there is not legal weight limit strictly enforced 
on tractor drawn implements. 
At 48 km (30 mi) the continuous transfer harvester mounted on a tractor, using semi trucks 
for transport, had a net profit increase of 70% when increasing the combined density by 20%. 
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The same harvester and density increase, using tractors and wagons for stover transport, had 
a net profit increase of 28% at 48 km (30 mi). The change in density did not make either 
transport system profitable for long distance shipping. Again at 48 km (30 mi), the 
continuous stover transfer harvester mounted on a combine, with a tractor transport system 
increased net profit by 30% for a stover density increase of 20%. The same harvester and 
density change, utilizing semi truck stover transport system, resulted in a net profit increase 
of 59%. 
When the combined stream density is decreased by 20%, for a shipping distance of 1 lkm (7 
mi), a tractor mounted stover storage harvester, utilizing tractor transport, decreases net profit 
40%. The same system, employing semi trucks for transport, decreases the net profit 13%. 
When the dual stream system density is decreased by 20%, for a 11 km (7 mi) tractor 
transport distance, utilizing a combine mounted system with stover storage, the net profit 
decreases 16%. The same system and density change, utilizing semi trucks for transport, 
decreases the net profit 17%. 
The dual stream, com grain and com biomass harvest systems, allows the grain to be shipped 
to one location while the stover is shipped to another location. The grain shipping distance is 
kept constant to review the effect of the grain shipping cost. Two values for the grain 
shipping distance, 8 km (5 mi) and 48 km (30 mi) were tested with the model. The cost of 
the grain harvest becomes a straight line when the grain shipping distance is held fixed. 
Changing the grain shipping distance has no effect on the stover shipping cost, but when the 
grain and stover shipping costs are combined for the system net profit there is a shift that 
49 
follows the change in grain shipping distance. For example when the grain shipping distance 
is held fixed at 5 miles and the stover is shipped 7 miles, the net profit increases 3% for the 
combine equipped with a continuous transfer system and using semi trucks for stover 
shipping. With the grain shipping distance at 5 miles and changing the stover shipping 
distance to 30 miles, for this system, results in a net profit increase of 59%. For the 
combined stream harvest systems the grain and stover are intermingled and transported as a 
single commodity. The result is that it is not possible to ship the grain and stover different 
distances. 
Table 13 Net profit (loss) results from sensitivity analysis 
Net Profit (Loss), ($/ha) 
11 km Travel 48 km Travel 
Machine Low Base High Low Base High 
Combination Value Value Value Value Value Value 
Density (kg/m3): Combine Based: Low= 74.8, Base= 93.4, High= 112.l, 
Grain Harvest Only 44.32 
CT on Combine, Tractor 41.97 60.08 
CT on Combine, Semi 63.03 80.14 
SS on Combine, Tractor 57.75 69.07 
SS on Combine, Semi 83.94 101.13 
68.91 
83.79 
78.32 
104.83 
(156.44) 
(98.82) 
(164.67) 
(77.92) 
Density (kg/m3): Tractor Based : Low= 102.5, Base= 128.1, High= 153.8, 
15.16 
(119.73) 
(56.43) 
(111.15) 
(35.44) 
CT on Tractor, Tractor 13.32 37.37 57.02 (256.94) (202.51) 
CT on Tractor, Semi 58.59 72.52 77.53 (71.33) (37.05) 
SS on Tractor, Tractor 34.90 57.70 76.22 (254.61) (188.82) 
SS on Tractor, Semi 87.62 101.20 111.93 (41.36) (7.05) 
Constant Grain Shipping Distance (km): Low= 8, Base= Variable, High= 48, 
Grain Harvest Only 47.05 44.32 13.11 47.05 15.16 
CT on Combine, Tractor 62.77 60.08 11.50 (94.68) (119.73) 
CT on Combine, Semi 82.82 80.14 49.39 (22.99) (56.43) 
SS on Combine, Tractor 71.75 69.07 38.32 (77.71) (111.15) 
SS on Combine, Semi 103.81 101.13 70.38 (2.00) (35.44) 
CT on Tractor, Tractor 37.37 (202.51) 
CT on Tractor, Semi 72.52 (37.05) 
SS on Tractor, Tractor 57. 70 (188.82) 
SS on Tractor, Semi 101.20 (7.05) 
(83.53) 
(35.42) 
(75.58) 
(14.38) 
(146.21) 
(11.24) 
(131.65) 
24.88 
13.11 
(137.53) 
(56.43) 
(111.15) 
(35.44) 
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Table 14 Net profit (loss) results from sensitivity analysis (continued) 
Net Profit (Loss), ($/ha) 
11 km Travel 48 km Travel 
Machine Low Base High Low Base High 
Combination Value Value Value Value Value Value 
Field Efficienc:y (%}:*Low= -202 Base= Variable2 High= +202 
Grain Harvest Only 30.48 44.32 49.19 2.13 15.16 
CT on Combine, Tractor (21.88) 60.08 115.65 (213.48) (119.73) 
CT on Combine, Semi 2.38 80.14 125.79 (114.19) (56.43) 
SS on Combine, Tractor (10.03) 69.07 125.61 (201.00) (111.15) 
SS on Combine, Semi 30.90 101.13 120.47 (85.67) (35.44) 
CT on Tractor, Tractor 18.17 37.37 52.30 (220.05) (202.51) 
CT on Tractor, Semi 47.68 72.52 90.06 (55.25) (37.05) 
SS on Tractor, Tractor 35.42 57.70 71.50 (202.30) (188.82) 
SS on Tractor, Semi 70.41 101.20 124.01 (24.62) (7.05) 
Stover Moisture Content(% wb}: Low= 152 Base= 352 High= 552 
Grain Harvest Only 44.32 15.16 
CT on Combine, Tractor 70.35 60.08 26.62 (78.12) (1 19.73) 
CT on Combine, Semi 85.55 80.14 57.90 (12.36) (56.43) 
SS on Combine, Tractor 82.38 69.07 46.15 (69.24) (111.15) 
SS on Combine, Semi 106.62 101.13 71.18 8.71 (35.44) 
CT on Tractor, Tractor 44.27 37.37 12.52 (166.67) (202.51) 
CT on Tractor, Semi 76.28 72.52 59.11 (17.29) (37.05) 
SS on Tractor, Tractor 67.07 57.70 32.97 (154.11) (188.82) 
SS on Tractor, Semi 110.31 101.20 94.83 12.34 (7.05) 
Stover Value ($/dn: Mg}: Low= 30.92 Base= 38.6 High= 46.32 
Grain Harvest Only 44.32 15.16 
CT on Combine, Tractor 6.81 60.08 103.67 (176.55) (119.73) 
CT on Combine, Semi 31.71 80.14 128.57 (104.86) (56.43) 
SS on Combine, Tractor 20.64 69.07 117.50 (159.58) (111.15) 
SS on Combine, Semi 52.70 101.13 149.56 (83.87) (35.44) 
CT on Tractor, Tractor (11.06) 37.37 85.80 (250.94) (202.51) 
CT on Tractor, Semi 24.09 72.52 120.95 (85.49) (37.05) 
SS on Tractor, Tractor 9.27 57.70 106.13 (237.25) (188.82) 
SS on Tractor, Semi 58.43 101.20 155.29 (49.03) (7.05) 
Yield (Mg/ha2 dn: Mg/ ha}: Low= 8.42 4.952 Base= 10.52 6.27 High= 12.62 7.62 2 
GrainHarvestOnly (162.40) 44.32 241.92 (186.29) 15.16 
CT on Combine, Tractor (175.41) 60.08 280.95 (327.87) (119.73) 
CT on Combine, Semi (159.53) 80.14 306.62 (252.35) (56.43) 
SSonCombine,Tractor (169.35) 69.07 306.94 (321.38) (111.15) 
SS on Combine, Semi (138.48) 101.13 327.54 (248.59) (35.44) 
CT on Tractor, Tractor (185.28) 37.37 249.25 (380.13) (202.51) 
CT on Tractor, Semi (148.83) 72.52 295.68 (219.94) (37.05) 
SS on Tractor, Tractor (164.03) 57.70 270.96 (360.68) (188.82) 
SS on Tractor, Semi (125.95) 101.20 309.84 (209.82) (7.05) 
*Field Efficiency values were adjust+ or - 20% up to a maximum of 100% efficiency 
20.26 
(61.04) 
(41.00) 
(44.84) 
( 46.32) 
(200.74) 
(19.51) 
(186.71) 
9.71 
(207.32) 
(155.11) 
(180.24) 
(141.83) 
(267.59) 
(68.36) 
(266.76) 
(37.84) 
(79.68) 
(7.99) 
(62.71) 
12.99 
(154.08) 
11.38 
(140.39) 
47.83 
207.32 
68.99 
139.98 
98.52 
160.90 
(30.03) 
168.60 
(27.84) 
177.61 
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Field efficiency values for each piece of equipment were originally estimated based on the 
values taken from ASAE Standard D497.4. These values were then increased by 0.2 to a 
maximum of 1.0, or decreased by 0.2 to determine the model's sensitivity to field efficiency. 
The more complex biomass harvest systems, having more components with field efficiency 
factors, had larger changes in the net profit in response to changes in field efficiency. The 
combine mounted harvest system, with stover storage and using tractors to transport the crop 
48 km (30 mi) had an 80% decrease in net profit for low field efficiency and a 60% increase 
in net profit for the high field efficiency. The combine mounted harvest system has several 
components with field efficiency factors and when efficiency factor are increased this system 
sees a larger increase in efficiency. Transporting the crop 7 miles with this system resulted 
in a 115% decrease in net profit for low field efficiency and an 82% net profit increase for 
the high field efficiency. In contrast, the tractor mounted harvester with stover storage and 
utilizing tractors to transport the combined stream 48 km (30 mi) has only 1 field efficiency 
factor that is adjusted. This resulted in a 7% lower net profit for the low field efficiency, and 
a 1 % larger net profit for the high efficiency. This system, transporting stover 7 miles, had a 
net profit of $14 per acre for low field efficiency, a net profit of $23 per acre for the base 
case, and a net profit of $29 per acre for high field efficiency. The change in field efficiency 
results in a change in the harvester field capacity and harvest rate which must be met with the 
transport equipment. The increased investment in transport equipment may or may not offset 
the financial gains from increased harvest rate. This is evident in the previous scenario 
where the base case and high field efficiency have nearly the same net loss. 
Harvest moisture contents vary widely depending on variety, maturity, weather conditions 
and many other factors. For the sensitivity analysis the moisture content was varied from 
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15% to 55% with the baseline case using 35%. It is important to note that changes in the 
moisture content would likely result in changes in other factors such as density and harvester 
power requirements, but for this analysis it was assumed to be an independent variable. 
Decreasing moisture content resulted in an overall increase in the net profit for the harvest 
systems by reducing the total wet basis weight of stover harvested. Using the same wet basis 
density allows the same weight of com stover to be transported per load, but with less 
moisture in the stover the dry matter per load increases making each load more valuable. For 
a tractor and wagon servicing a continuous transfer type harvester mounted on a tractor, the 
low moisture content resulted in an 18% larger net profit and the high moisture content 
resulted in a 66% lower net profit with the 11 km (7 mi) shipping distance. With a 48 km (30 
mi) shipping distance, this system resulted in 17% higher net profit at low moisture content 
and a 32% lower net profit for the high moisture content. The same harvester, using semi 
trucks to transport the stover 11 km (7 mi), had a net profit increase of 5% and an 18% 
decrease for the low and high moisture contents respectively. When the shipping distance 
increases to 48 km (30 mi) the low moisture content system has a 53% higher net profit and 
the high moisture content system has an 84% lower net profit. 
Stover value, the price paid per dry ton to the producer, is a variable that could be adjusted to 
make stover production systems more profitable and encourage higher farmer participation. 
The stover value was adjusted 20% above and below the base value of $39 per dry Mg ($35 
per dry ton). Changing the value of the stover does not influence the stover production or 
harvest costs so the resulting change is a vertical shift, up or down, depending on stover yield 
and the change in stover price. For example the combine mounted continuous transfer 
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harvester, using semi trucks to transport the crop 48 km (30 mi), has a 137% profit decrease 
for low stover value. This is compared to a 137% net profit increase for high stover value. 
For the continuous transfer stover harvest system mounted on a tractor, using semi trucks for 
transporting stover 7 miles, the low stover value results in a net profit of $10 per acre, the 
base case results in a net profit of $29 per acre and the high value stover results in a net profit 
of $49 per acre. In all scenarios, shifting the stover value 20% resulted in a net profit change 
of about $20 per acre regardless of distance. For the 11 km (7 mi) shipping distance the 20% 
change causes a 48% to 130% change in the net profit. 
Both the grain and stover yields were varied, 20% higher and 20% lower, based on the 
assumption that the grain to stover ratio is approximately 1: 1. This scenario is intended to 
simulate the effects of above and below average yields and provide some insight into the 
potential risk of stover harvest. With the decrease in grain yield, even the corn grain harvest 
alone was not profitable, and none of the stover harvest systems provided a net profit for the 
low yield scenario, regardless of shipping distance. When yield was decreased and increased 
the net profit decreased 224%, and increased 206% respectively for a 11 km (7 mi) shipping 
distance, with the tractor mounted harvester system with stover storage and using semi truck 
transport. At shipping distances of 11 km and 48 km (7 and 30 mi) the combine mounted 
continuous stover transfer system with tractor transport resulted in a net profit decrease of 
89% and a 4 7% decrease for the low yield scenario. When looking at the high yield scenario 
for short transport distances the combine mounted harvester, with onboard stover storage and 
semi truck transport, is the most profitable with a net profit increase of 206%. This is 
compared to the least profitable system, the tractor mounted continuous transfer harvest 
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system, using tractors for whole crop transport, with a net profit increase of 567%. For the 
48 km (30 mi) shipping distance and high yield scenario, the most profitable stover harvest 
system is the tractor mounted continuous transfer harvester teamed with semi trucks to 
transport the entire crop. This system has an increase in net profit of 555%. The least 
profitable system for the 30 mile shipping distance is again the tractor mounted continuous 
transfer harvester using tractors and wagons to transport the single stream of mixed ear corn 
and chopped corn stover with a 85% net profit increase for the high yield situation. 
The total number of loads per harvested acre is another means to quantify the shipping costs. 
More loads per acre results in more miles, and with longer shipping distances, these miles 
will influence the final stover harvest cost. The combine system, only transporting the grain 
portion, has 0.19 loads per acre, and is the lowest of all the harvest systems. When the stover 
is collected by a combine-based harvester and transported by tractor separately from the corn 
grain, 0.49 loads per acre were required. With the same harvest system, and semi truck 
transport, the number of loads increases to 0.52 loads per acre due to the lower volumetric 
capacity of the semi trailers. For the whole crop harvest and tractor transport system .46 
loads per acre were produced and with semi truck transport .50 loads per acre were produced. 
The elements of the sensitivity analysis were combined to provide information on the best 
and worst case scenarios. The extreme examples of each case are shown below in Figure 11 . 
The other harvester arrangements resulted in stover costs that fell between the extreme cases 
presented. The least feasible harvester arrangement was the tractor mounted continuous 
transfer harvester using tractors and wagons for transport. 
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The cost of corn stover delivered 1 lkm (7 mi) by this method ranged from $35 to $44 per dry 
Mg ($32 to $40 per dry ton) and ranged from $60 to $79 per dry Mg ($54 to $72 per dry ton) 
when delivered 48 km (30 mi). The range for the most feasible harvester, the tractor 
mounted harvester equipped with stover storage and using semi transport for 11 km (7 mi) 
transport distance ranged between $26 to $33 per dry Mg ($24 to $30 per dry ton) and at 48 
km (30 mi) was $35 to $46 per dry Mg ($32 to $42 per dry ton). The worst case scenario 
with this harvest system still provides corn stover at a lower cost than the best case scenario 
of the least feasible system. 
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The sensitivity analysis indicates that the model is most affected by changes in yield and 
stover value. Other factors, such as grain shipping distance and field efficiency, have very 
limited influence on the net profit of stover harvest systems. In most cases the tractor 
mounted stover harvester, equipped with stover storage and using semi trucks for transport, 
remained the most profitable systems regardless of the variation. The tractor mounted 
continuous stover transfer harvest machine, using tractors and wagons, also remained the 
least feasible harvest system for most scenarios. The low travel speed of the tractor transport 
increases the number of the high investment machines required to service the harvester and 
drives up the overall cost of the system. 
Conclusions 
Harvesting com stover biomass increases the total harvest costs. As stover shipping distance 
increases the additional net profit attributed to stover harvest is quickly lost. This 
emphasizes the need to maximize harvest and shipping efficiencies to capitalize on the 
potential profits available from com stover harvest. 
Conventional methods for collecting com stover are based around baling technology. The 
costs of baling, according Sokhansanj et al., (2002), ranges between $23 to $45 per dry Mg 
($21 per dry ton to $41 per dry ton) with 8 km (5 mi) of transportation. Single pass harvest 
systems, with 8 km (5 mi) of transportation, have a cost ranging between $25 and $40 per dry 
Mg ($23 per dry ton and $36 per dry ton) of stover in best and worst case scenarios as 
presented in the model. 
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For the base case and almost up to the 11 km (7 mi) shipping distance all the grain and stover 
harvest systems are more profitable than harvesting just the com grain. As the shipping 
distance increases stover collection becomes more intensive and the potential for profit 
decreases. Long distance shipping adds a variety of challenges to stover harvest systems 
such as labor needs and increased equipment requirements. Depending on the stover harvest 
system, more than 10 transport vehicles and operators may be required to service a single 
harvester with a 48 km (30 mi) ship distance. This is demonstrated by the combine mounted 
harvester with stover storages and using tractors for stover transport. The cost of owning and 
operating the tractor based shipping equipment, for the stover portion of their annual usage, 
would be over $311 per ha ($126 per acre) and require 10 operators. The same system, using 
semi trucks would annually cost $242 per ha ($98 per acre) and require 9 operators. 
Another problem that needs to be addressed, for stover harvest systems, is the need for 
qualified labor. Operating lower speed tractors and wagons on public roadways potentially 
creates a public safety hazards and requires experienced and qualified labor. Hauling stover 
with semi trucks require operators to have the correct permits and licenses. Harvest time is 
already labor intensive, and acquiring additional labor could be difficult. 
Based on this model some of the conceived bulk stover harvest systems are not practical 
methods of collecting and shipping com stover biomass over long distances. Independent of 
the harvester, tractor based transportation is not a reasonable method to transport stover over 
long distances. The machines operate at a lower speed and require a higher initial investment. 
For short distances the tractors with wagons are competitive with the semi truck and trailer 
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units. This is attributed to the need for field based tractors to transport the stover from the 
harvester to the semi trucks. 
Shipping costs are one of the primary factors that will affect the net profit of stover harvest 
systems. In conventional grain harvest systems shipping makes up about 36% of the total 
harvest cost. The cost of transportation for 11 km (7 mi) ranges from 50% to over 60% of 
the total stover harvest cost. When the shipping distance is increased to 48 km (30 mi) the 
cost of shipping grain reaches 53% and the stover shipping costs range from 57% to 81 % of 
the total harvest costs. This emphasizes the need to improve stover transport technology and 
minimize the potential shipping distance. 
One method to reduce shipping costs would be to increase the bulk density to allow more 
stover to be transported per load. The increase in density would have to be substantial so that 
the savings from shipping are greater than the cost of that densification. In the model a 20% 
increase in density did help increase the net profit, but at a shipping distance of 48 km (30 
mi) all of the stover harvest systems yielded a net loss. This loss did not include any 
financial penalty for the increased density. Increasing density to 176 kg/m3 (11 lb/ft3), a 90% 
change, would be required to allow a maximum legal weight limit load on the semi truck and 
trailers used to ship stover. However, there would be a financial penalty associated with the 
increased density that is not included in the model. 
Combining chopped stover and whole ear com, with the tractor mounted harvest systems, is 
another concept to increase bulk density without inputting large quantities of energy. Weight 
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limited loads of corn grain and volume limited loads of stover are combined to reduce the 
overall number of loads. This method to get a higher bulk density requires a radical change 
from current harvest and marketing systems and may prove challenging to persuade 
producers to participate. The single stream harvest system does reduce the field level harvest 
costs and requires comparable numbers of operators when compared to a bi-stream harvest 
method based on a combine. However, the additional cost of separation for the single stream 
system, estimated at over $49 per ha ($20 per acre), reduces the feasibility of the system. 
Annual grain and stover yields fluctuate making it important to analyze the net profit margins 
for the harvest system with a variable yield. Decreasing the grain and stover yields by 20% 
caused all harvest systems, including the corn grain harvest, to result in a net loss. A 20% 
increase in yield increases the net profit for the systems. This results in a net profit for all 
systems except for the tractor mounted harvester systems using tractor and wagons for 
shipping stover 48 km (30 mi). Prices would likely fluctuate, in response to supply and 
demand changes, so it is difficult to say that a 20% increase in yield would result in a large 
increase in net profit. 
Overall, the most profitable single pass harvest system included in the study is the tractor 
mounted harvester, with stover storage capability, serviced by semi trucks and trailers. This 
configuration is more profitable, on a net profit basis, than the corn grain harvest system up 
to a shipping distance of over 32 km (20 mi). 
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General Conclusions and Recommendations 
The prospect of utilizing biomass as a feedstock is largely dependent on developing new 
harvest technology to reduce the production costs. Economic models provide insight into the 
expected costs and the support equipment required to make different systems work. 
Analyzing the system in terms of producer net profit puts the results in terms that are more 
easily understood when presented to the producer. The timeliness costs are often overlooked 
in economic models, but contribute significant costs to the system and should be analyzed. 
When all the system parameters are included in the model it becomes a useful tool to 
understand and compare the costs of different harvest systems. Future work on the economic 
modeling of harvest systems should include field verification of harvest system inputs. The 
stover bulk densities, machine field efficiencies, and yield information in this model are 
based on field results but should be verified for different field conditions and crop varieties. 
The concept of an intermediate storage facility clearly offers advantages such as reduced fire 
hazard and a shorter transport distance from the field to storage. However, the extra cost of 
unloading and then reloading the stover for transport from storage to processing adds extra 
handling costs. The storage costs would be, within reason, the same regardless of location. 
This prompted the shipping to be modeled for a longer distance equivalent to hauling from 
the field to the processing facility. 
The economic model indicated that well over 50% of the total harvest cost was associated 
with the transportation of com stover to the processing facility. This made it a critical factor 
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to be considered in the development of new harvest technology. As shipping distance 
increased, this became an even more significant challenge and the feasibility of tractor based 
transport systems rapidly diminished due to lower travel speed and higher initial investment. 
Increasing the bulk density will make the semi truck based shipping systems more feasible by 
increasing the amount of stover transported per load. 
Laboratory densification of corn stover biomass has a wide range of factors that influence the 
results. This is an area where more repetitions and further testing of more variables will be 
beneficial to improve the model. Verification of the laboratory results should also be 
conducted using stover samples that were machine harvested. Machine harvested stover will 
have a wider range of cut length compared to the laboratory work where all sample were cut 
to the same length. The effect of this particle distribution may have a significant effect on 
the bulk density. 
Currently the desired form of the corn stover product is largely unknown and believed to 
vary between different uses. This is critical information that must be determined before the 
equipment industry can begin to produce biomass harvesting equipment. Due to the low 
value of the stover as a cash commodity, the new harvest systems will need to be developed 
in a manner that minimizes the producer' s capital investment in equipment and has little 
effect on corn grain harvest. One approach that accomplishes this is to develop attachments 
to existing equipment. 
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Corn stover biomass harvest is comparable to the forage harvesting industry and could likely 
utilize variations of similar equipment. For this reason future work in the area of corn stover 
biomass harvesting should focus more on the transportation issues of harvesting agricultural 
residues for biomass. Factors influencing the shipping bulk density, prior to compaction, 
should be identified and utilized to minimize the shipping cost per unit dry matter. The 
influence of factors such as stover depth, loading methods, and particle size should be 
quantified. 
Densification of corn stover should be avoided unless the benefit exceeds the cost. For many 
processing systems densified loads of corn stover would have to be allowed to relax prior to 
use. In the case where the increased density improves the processing properties of the 
biomass, the cost of densification is amortized for multiple steps. If densification is 
determined to be necessary, for shipping or processing operations, more information should 
be collected to document the relationship between density and applied load. 
63 
REFERENCES 
ASAE Standards, 2003a. EP496.2 Agricultural Machinery Management. St. Joseph MI: ASAE. 
ASAE Standards, 2003b. D497.4 Agricultural Machinery Management Data. St. Joesph MI: ASAE. 
Buchele, W.F. 1975. Harvesting and Utilization of Cornstalks from Iowa Farms. Report #3/Ag 
Engineering Department. 
Burmistrova, M.F. 1963. Physicomechancial properties of agricultural crops. Translation IPST/NSF. 
p. 244-249 
Duffy M. and D. Smith. 2005. Estimated costs of crop production in Iowa- 2005. Published by 
Iowa State University Extension, Ames, Iowa. FM 1712. 
Edwards W. and D. Smith. 2004. Cash rental rates for Iowa, 2004 survey. Published by Iowa State 
University Extension, Ames, Iowa. FM 1851. 
Glasner, D.A., J.R. Hettenhaus, and T.M. Schechinger, 1998. Corn stover collection project. 
BioEnergy '98: Expanding Bio Energy Partnerships, Madison WI. 
Harrigan, T.M. 2003 . Time-motion analysis of corn silage harvest systems. Applied Eng. in Agric. 
Vol 19(4) 389-395. 
Hettenhaus, J.R., R. Wooley and A Wiselogel. 2000. Biomass commercialization prospects in the 
next two to five years. Biomass Colloquies 2000. NREL, Golden CO. 
Hooker, B.A., T.F. Morris, R. Peters and Z.G. Cardon. 2005. Long term effects of tillage and corn 
stalk return on soil carbon dynamics. Soil Sci. Soc. Am. J. 69: 188-196. 
Hunt, D. 1995. Farm Power and Machinery Management, 19-20. Ames IA: Iowa State University 
Press. 
Ileleji,K. 2005. Delivering feedstock from the farm-gate to biorefineries with pipeline. Presentation 
at Agric. Equip. Tech. Conf. Louisville, KY. 15 Feb. 2005. 
64 
Kaminski Tony. 1989. Investigation of the feasibility of collection, densification, storage, 
transportation, and marketing of agricultural biomass. Saskatchewan Agriculture 
Development Fund. SRC publication 0829-9455. 
Mani, S., L.G. Tabil, and S. Sokhansanj. 2002. Compaction behavior of some biomass grinds. CSAE 
Paper No. 02-305. 
Mani, S., S. Sokhansanj, X. Bi, L.G. Tabil. 2004. Compaction of corn stover. ASAE Paper No. 
041160. 
Mohsenin N. 1970. Physical properties of plant and animal materials. Gordon & Beach, New York, 
New York. P.175. 
Prentice, B. E., S. Stewart, and Z. Wang. University of Manitoba. Department of Agricultural 
Economics, Faculty of Agriculture and Food Science. An economic assessment of the 
Mcleod Harvest. Winnipeg: MB, 1999. 
Perlack R.D. and A.F. Turhollow. 2002. Assessment of options for the collection and handling and 
transport of corn stover. Oak Ridge National Labooratory Publication ORNL/TM-2002/44. 
Oak Ridge TN 37831. 
Quick, G.R. 2003. "Combine "Sweet Spot": Integrating Harvested Yield, Grain Damage and 
Losses." Electronic Proceedings of the International Conference on Crop Harvesting and 
Processing, (Louisville, Kentucky USA), ed. G. R. Quick. ,9 Feb, 2003 . ASAE Pub 
#701Pl 103e. 
Savoie, P., K.J. Shinners and B.N. Binversie. 2003. Hydrodynamic separation of grain and stover 
components in corn silage. ASAE Paper No. 036086. 
Savoie P., R.E. Muck, B.J. Holmes. 2004. Laboratory assessment of bunker silo density part II: 
whole-plant corn. Applied Eng. in Agric. Vol. 20(2): 165-171. 
65 
Shinners, K.J. and B.N. Binversie. 2004. Harvest and storage of wet corn stover biomass. ASAE 
Paper No. 041159 
Shinners, K.J., B.N. Binversie and P. Savoie. 2003. Harvest and storage of wet and dry corn stover 
as a biomass feedstock. ASAE Paper No. 036088. 
Shinners, K.J., B.N. Binversie and P. Savoie. 2003. Whole-plant corn harvesting for biomass: 
comparison of single-pass and multiple-pass harvest systems. ASAE Paper No. 036089. 
Shinners, K.J., and B.N. Binversie. 2004 Harvest and storage of wet corn stover biomass. ASAE 
Paper No. 041159. 
Sokhansanj, S., A.F . Turhollow. 2002. Baseline cost for corn stover collection. Applied Eng. in 
Agric. Vol. 18(5): 525-530. 
Sokhansanj, S., A. Turhollow and R. Perlack. 2002. Stochastic modeling of costs of corn stover 
delivered to an intermediate storage facility. ASAE Paper No. 024190. 
Sokhansanj, S. and L. Wright. 2002. Impact of future biorefineries on feedstock supply systems 
equipment and infrastructure. ASAE Paper No. 021073. 
Turhollow, A., M. Downing and J. Butler. 1996. The cost of silage harvest and transport systems for 
herbaceous crops. Bioenergy '96: Partnerships to Develop and Apply, Nashville TN. 
USDA. 2003. Direct and Counter-cyclical Payment Program: USDA Farm Service Agency Online. 
Available at: http://usda.mannlib.cornell.edu/reports/nassr/price/zap-bb/agpran04.pdf. 
Accessed 25 March 2005. 
USDA. 2004. Agricultural Prices, 2003 Summary: National Agricultural Statistics Database. 
Washington, D.C.: USDA National Agricultural Statistics Service. Available at: 
http://usda.mannlib.cornell.edu/reports/nassr/price/zap-bb/agpran04.pdf. Accessed 28 April 
2005 
66 
USDA. 2005 . Annual Crop Summary for 2004: National Agricultural Statistics Database. 
Washington, D.C.: USDA National Agricultural Statistics Service. Available at: 
www.nass.usda.gov/ia/crops/annual.txt. Accessed 28 April 2005 
Yu, M., A.R. Womac and L.O. Pordesimo. 2003 . Review of biomass size reduction technology. 
ASAE Paper No. 036077. 
67 
Acknowledgements 
The success of this research has been influenced by many groups and individuals too 
numerous to list. However, the author would like to extend thanks and appreciation to the 
staff and faculty at Iowa State University. Special thanks are given to the following: 
• Drs. Graeme Quick and Stuart Birrell for their assistance and guidance. 
• The author's family and friends for their support throughout this experience 
• Kevin Ehrecke and Drs. Robert Brown and Brian Steward for their time and 
assistance as committee members. 
• The student workers who helped in the construction and testing phases of the project. 
• The US Department of Energy, Cargill Dow and John Deere for financial support. 
